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 8 
Nomenclature 9 
f  function of the yield surface (MPa2) 
σ  Cauchy stress (MPa) 
p hydrostatic pressure (MPa) 
J2 deviatoric stress tensor (MPa
2) 
a0  first material constant in the yield function (MPa
2) 
a1 second material constant in the yield function (MPa) 
a2 third material constant in the yield function  
ε𝑒𝑞
𝑝
  effective plastic strain 
ε𝑓  failure strain 
ε0  initial failure strain 
p𝑐𝑢𝑡−𝑜𝑓𝑓 cut-off pressure (MPa) 
σ𝑣 von Mises stress (MPa) 
σ𝑖 normal stress (MPa) 
𝜏𝑖𝑗 shear stress (MPa) 
 10 
Abstract 11 
A temperature-gradient-dependent elastic-plastic material model of ice is proposed for the 12 
numerical study of the influence of temperature-gradient on impact force in ship-iceberg 13 
collisions. The model is based on the ‘Tsai-Wu’-type yield surface, and an empirical failure 14 
criterion is adopted. A series of yield surfaces with different sizes but the same shape are 15 
obtained from the linear interpolation of test results to represent the continuous temperature 16 
range in an iceberg. Temperature dependence is defined as the change in ice properties due to 17 
the temperature gradient as a function of depth of the iceberg. Based on field test data, three 18 
types of iceberg temperature profiles are assumed. The ice model is implemented as a 19 
user-defined subroutine in the commercial explicit finite element code LS-DYNA. Collisions 20 
between a rigid plate and different geometric iceberg shapes are simulated to analyse the 21 
influence of iceberg geometry and ice model temperature. The calculated contact area-pressure 22 
curves are compared with design laws to further calibrate the proposed ice model. Both a sharp 23 
temperature profile and low temperature range can increase the local contact pressure and 24 
global contact force as the penetration increases. The simulation results show that the ice model 25 
can capture and be used to demonstrate the influence of temperature-gradient on contact force 26 
in ship-iceberg collisions. 27 
 28 
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1. Introduction 31 
As the climate changes in the Arctic, ice coverage and thickness continues to decrease during 32 
the summer season. Regular transport through the northeastern and northwestern Arctic Sea has 33 
become possible. Moreover, it is estimated that approximately 25% of the world’s total new oil 34 
and gas reserves may be located in the Arctic [1]. These changes will lead to a significant increase 35 
in marine and offshore activities in the Arctic region in the coming years. The probability of 36 
collisions between icebergs and ships or offshore structures might increase, and severe collisions 37 
may lead to oil leakage, causing environmental pollution. Therefore, from the viewpoints of 38 
environmental protection and economic demand, research on the crashworthiness and safety of 39 
marine and offshore structures under the scenario of iceberg impact must be conducted. 40 
Sea ice is a complex material consisting of solid ice, brine, gas and, depending on the 41 
temperature, various types of solid salt [13]. The mechanical properties of sea ice, such as the 42 
failure criterion, compressive strength and flexible strength, depend on many factors, e.g., 43 
temperature, porosity, salinity, density, microstructure, loading rate and confinement ratio. 44 
Temperature, as a basic thermal-mechanical parameter in the growth of sea ice, significantly 45 
influences the physical properties of sea ice. For instance, as the temperature decreases, the 46 
density of ice crystals increases and the dislocation mobility decreases. The stiffness of ice 47 
increases by approximately 25% as the temperature decreases from near the melting point to 48 
zero Kelvin [27]. Therefore, temperature is an important factor in research on the mechanical 49 
properties of sea ice and ship-iceberg collisions. 50 
  According to the NORSOK N-004(2004) code [26], when a structure is designed according to 51 
the accidental limited state format, the collision between the iceberg and a rigid plate belongs to 52 
the strength design, which implies that the structure is capable of crushing the ice with moderate 53 
structural deformation. In this strategy, the temperature gradient in the iceberg can be 54 
completely reflected in the collision process; therefore, temperature may significantly influence 55 
the total contact force in ship-iceberg collisions. In this paper, a temperature-gradient-dependent 56 
elastic-perfect-plastic ice model is proposed based on the ‘Tsai-Wu’ yield surfaces presented by 57 
Ahmed A. Derradji [15]. These surfaces were fitted from triaxial compressive experiments of 58 
icebergs conducted by Gagnon and Gammon [2]. The influence of temperature on the ice model 59 
is reflected by the different sizes of the Tsai-Wu yield surfaces. Linear interpolation is applied to 60 
obtain yield surfaces at different temperatures. Three iceberg temperature profiles are assumed. 61 
The compressive and tensile behaviour of ice are described separately. The effective plastic strain 62 
and pressure-driven failure criterion proposed by Gao Y. et al. [17] and Liu Z. et al. [12] are used 63 
to determine the element failure during the simulation. Then, the ice model is applied in the 64 
simulation cases to study the influence of the iceberg’s temperature range and temperature 65 
profile on the collision process. Based on a spherical iceberg-rigid plate collision, the effects of 66 
temperature on the high-pressure zone of simulated area-pressure curves are discussed. In the 67 
simulation of collisions between different iceberg shapes and a rigid plate, the influence of 68 
temperature on the total contact force and the significance of temperature effects for different 69 
iceberg shapes are analysed. The simulation is conducted with the commercial code LS-DYNA 971. 70 
The ice model is realized by a user-defined subroutine.  71 
The simulation of compressive ice with failure is under development for decades and many 72 
aspects are not understood in full to develop a consistent material model for design loads. In this 73 
study, we do not try to develop a consistent material model to simulate such complex behaviours 74 
of ice in ice-structure interaction. The temperature-gradient-dependent elastic-plastic material 75 
model is limited for iceberg under constant range of strain rates. The focus is study the influence 76 
of temperature profiles on impact force. Therefore, the details of failure process are ignored. 77 
Iceberg properties given to ice elements are from the experimental results conducted at strain 78 
rate around 4×10-3 s-1, corresponding to ductile-to-brittle transition strain rate in this study [27]. 79 
At transition strain rate, ice has the strongest strength and is most dangerous to vessels [31]. At 80 
this relatively high strain rate and short impact time, the visco-plastic effect is considered not 81 
strong. The irrecoverable strain is approximately considered behave as plastic model. Once again, 82 
this model is trying to capture global response of sea ice instead of all details of ice behaviors. If 83 
the model is able to simulate are-pressure curve, it is considered to be sufficiently acceptable for 84 
the simulation of contact force. Nevertheless, more accurate model, such as viso-elastic, 85 
visco-plastic and crack, should be considered in the future. The temperature-gradient model can 86 
be incorporated with these models. 87 
 88 
2. Temperature characteristics of iceberg 89 
Temperature of icebergs is not constant and changes significantly from the surface to the core 90 
of iceberg [7]. In field tests of ship-iceberg or structure-iceberg interactions, there is a limited 91 
amount of measured data on the temperature profile of iceberg samples compared with their 92 
velocity and approximate mass. This lack of data may be because special equipment, such as a 93 
temperature probe, is required to measure the iceberg temperature in the field [8]. In 1995, 94 
impact tests between icebergs and an engineering structure were conducted on Grappling Island 95 
[9]. The temperature gradient was quite sharp, from -4 ℃ at a depth of 0.05 m into the ice to 96 
-12 ℃ at a depth of 0.5 m into the ice. Larger penetrations led to a larger contact force and 97 
pressure with the same iceberg [10]. Iceberg impact tests with the icebreaker CCGS Terry Fox 98 
were conducted in 2001, and the temperature profile of some iceberg samples were measured 99 
[8][11].  100 
 101 
 102 
Figure 1 Iceberg temperature data from Jones [7] 103 
 104 
One of the most comprehensive reviews of field-testing results is that by Jones [7], in which 27 105 
groups of iceberg temperature data are compared and analysed. Part of these data is shown in 106 
Figure 1, in which the temperature decreases with depth because these data were measured in 107 
summer or spring, when the air temperature was higher. However, for 6 groups, temperature 108 
increases with depth because it was measured in winter, when the atmospheric temperature was 109 
low. Temperature typically decreases rapidly from the surface to a depth of 8 m and remains 110 
constant at depths deeper than 8 m. Because low temperature leads to firm ice, which has been 111 
observed experimentally, the rapid decrease in temperature means that the strength of ice near 112 
the surface increases rapidly with increasing depth.  113 
In ship-iceberg collisions, the contact force may increase rapidly as the penetration increases. 114 
This phenomenon was observed in a field test by Ralph et al. [10] and was estimated by Timco [9] 115 
based on their field test results. Nevertheless, there are few published references about the 116 
influence of using temperature-dependent ice material models in the analysis of contact forces in 117 
ship-iceberg interactions. 118 
 119 
3. Presentation of a material model of ice 120 
3.1 Description of the yield surface and its temperature dependence 121 
In the simulation of ship-iceberg collisions, the ice model is a significant factor influencing the 122 
simulation results and typically depends on experimental results. The results of several triaxial 123 
compressive experiments with granular sea ice are compared to analyse the effects of 124 
temperature on yield surfaces. The advantages and disadvantages of the ‘Tsai-Wu’ yield surfaces 125 
adopted in this paper are discussed. 126 
Tsai-Wu-type yield function (Riska and Frederking [4], Liu Z et al. [12] and Ahmed A. Derradji 127 
[14] [15]) and n-type yield function (Timco et al. [5] [6] [13]) are two types of functions have been 128 
used to describe the yield surface of ice. Based on the formula derivation in Appendix I, for 129 
isotropic ice, these two yield functions can be transited to each other. Therefore, yield surfaces 130 
fitted by these two functions can be compared, as shown in Figure 2, and the influence of 131 
temperature on yield surface can be studied in a wider experimental data.  132 
Iceberg ice can be regarded as granular sea ice [4] [12]. Therefore, both types of yield functions 133 
can be used to represent the mathematical behaviour of icebergs. Few triaxial experiments on 134 
iceberg ice have been reported. Triaxial experiments on other types of granular sea ice (e.g., 135 
multi-year floe ice, laboratory-prepared granular ice) can be applied to verify the yield surface of 136 
an iceberg and study the influence of temperature on the iceberg’s yield surface. The results from 137 
triaxial compressive experiments conducted at a strain rate of approximately 10-3 s-1 have been 138 
presented by several researchers. These results, shown in Figure 2, are described in p-J2 space to 139 
more easily implement in the FE model. The experimental conditions are listed in Table 1. 140 
Table 1 Experimental conditions of the triaxial compressive experiments 141 
Reference Ice location Ice structure Density
(kg/m3) 
Salinity 
(‰) 
Failure 
type 
Strain rate 
(0.001 s-1) 
Tempera-
ture (°C) 
Riska 
1987 
Eastern Canadian 
Arctic 
Variable grain structure 
(multi-year floes) 
875~ 
900 
0.1~0.3 brittle 2 -2/-10 
Kierkegaard 
1993 
- - - - - - - 
Timco 
1984 
(biaxial) 
Beaufort Sea granular/discontinuous-colu
mnar sea ice 
(large piece of ice) 
- 4.2 ductile 0.2 -12 
Barrette 
2003 
Northeastern coast- 
line of Newfoundland 
homogeneous 
(iceberg) 
895 - - 1.6-6.5 -6.2~-20 
Sammonds 
1998 
Buckingham Island columnar ice with isotropic 
in horizontal plane 
(multi-year floes) 
903 1.5 ductile 1 -3~-40 
Y. Mizuno 
1998 
Prepared in the 
laboratory 
freezing an aggregation of 
snow particle water 
905 - Brittle/
ductile* 
2/3 -11 
R.E. Gagnon 
1995*** 
Okak Bay, Labrador homogeneous 
(iceberg) 
0.7~ 
3.5%** 
- Brittle/
ductile* 
3~5 -1~-16 
*Changing with confining pressure; **Fractional porosity; ***Fitted by Ahmed A. Derradji [15] 142 
 143 
Figure 2 Triaxial experiment results of granular sea ice 144 
 145 
From the series of experiments by each researcher, the influence of temperature is notable 146 
and coincident. Based on the experiments of Sammonds [3], Y. Mizuno [28], Riska [4] and Ahmed 147 
A. Derradji [15], the second invariant of the deviatoric stress tensor increases with decreasing 148 
temperature at the same hydrostatic pressure. Because the yield point of ice is determined by 149 
the effective modulus, ice has a larger effective modulus with decreasing temperature. The 150 
effective modulus is different from the elastic modulus (E) because the former contains the 151 
influence of delayed elastic strain, which must be considered in elastic behaviour [13]. The results 152 
are scattered because the strength of ice is affected by many factors, such as the hydrostatic 153 
pressure, grain size and porosity, and these factors are not the same in the different experiments. 154 
The yield surfaces from Riska [4] are considerably smaller than the other fitted yield surfaces 155 
and most points in the experimental results, possibly due to the low salinity and high porosity of 156 
the ice resulting from brine drainage during transportation. The yield surface proposed by 157 
Kierkegaard [12] covered the majority points in the experimental results. However, it lacks 158 
experimental information, such as temperature and strain rate, and cannot be applied to study 159 
temperature effects. Ahmed A. Derradji [15] obtained a series of yield surfaces with different 160 
temperatures (1, -6, -11 and -16 °C, shown in Figure 3). The strength of the ice increases linearly 161 
with decreasing temperature in the range of -1 to -11 °C. In the temperature range of -11 to 162 
-16 °C, the yield surface increases sharply. The yield surface at -16 °C is larger than most 163 
experimental results but fits with part of the test results from Y. Mizuno [28] and Sammonds [3]. 164 
In general, all of the surfaces fitted by Ahmed A. Derradji [15] are located within a reasonable 165 
region compared with the other results and cover all points of the tests results, which will 166 
produce conservative results during simulation. The temperature range (-1 to -16 °C) corresponds 167 
well with the temperature gradient from the iceberg surface to most penetration depths in 168 
ship-iceberg collisions. 169 
An increase in hydrostatic pressure causes a decrease in the melting temperature of ice [16]. 170 
For example, ice will melt at -4 °C when confined by approximately 50 MPa of pressure. This 171 
phenomenon is called pressure melting. Hydrostatic pressure also significantly affects the 172 
deformation mechanism during compressive experiments – cracking at low pressure and dynamic 173 
recrystallization at high pressure [2]. Therefore, the high-pressure (dotted lines in Figure 2) and 174 
low-pressure parts of the P-J2 yield surface will not be symmetrical. The high-pressure part, which 175 
is extrapolated from experimental results at low pressure, is not accurate. The accurate 176 
high-pressure part of the P-J2 yield surface must be further investigated. In our simulation below, 177 
the pressure of each element is approximately 20 MPa, which does not belong to the 178 
high-pressure range. 179 
 180 
3.2 Implementation of the Tsai-Wu yield surface model 181 
The Tsai-Wu yield surfaces fitted by Ahmed A. Derradji [15] are used to study the influence of 182 
temperature on ice properties in ship-iceberg collisions due to the reasons discussed in section 183 
3.1.Two ice samples from the same series will not behave equally as they are affected by many 184 
factors. Nevertheless, scatter from the same series experiments is not severe. Therefore risk of 185 
accuracy of material data from the same series experiments is acceptable. At different 186 
temperatures, yield surfaces with the same shape but different sizes are applied to ice. Gagnon 187 
and Gammon [2] conducted triaxial iceberg compressive experiments at different temperatures, 188 
strain rates and confining pressures. Based on these experiments, Ahmed A. Derradji [15] 189 
proposed a series of Tsai-Wu-type yield surfaces (Equation (2)) for different temperatures (-1, -6, 190 
-11 and -16 °C) and strain rates (from 4×10-5 to 2.7×10-1 s-1). 191 
f = 𝐽2 − (𝑎0 + 𝑎1𝑝 + 𝑎2𝑝
2) = 0                (2) 192 
The sea ice strength is affected by many factors, such as strain/stress rate, temperature and 193 
porosity. In some cases, for example uniaxial compression strength, the dominated factor is 194 
strain/stress rate besides ice temperature. Nevertheless, in this study, the focus is the influence 195 
of temperature-gradient on sea ice behaviour. Therefore, a constant strain rate is assumed. As the 196 
compressive strength reaches a maximum at the ductile-to-brittle transition, strain rate 197 
corresponding to the transition is adopted in this study. In the scale of this study (around 3m), 198 
the transition strain rate is 10-4~10-2s-1[27]. Therefore, triaxial compressive experiments of 199 
Gagnon and Gammon [2] conducted at strain rate around 4×10-3 s-1are adopted. The 200 
Tsai-Wu-type yield surfaces with different temperatures and a uniform strain rate, approximately 201 
4×10-3 s-1, are adopted (see Figure 3). The parameters of these elliptical curves are listed in Table 202 
2. The increase rate of parameters a0, a1 and a2between -11 and -16 °C is considerably higher 203 
than that between -1 and -11 °C. Therefore, to obtain yield surfaces at temperatures between the 204 
test values (-1, -6, -11 and -16 °C), linear interpolation is applied between -1 and -11 °C and 205 
between -11 and -16 °C, respectively. 206 
 207 
Table 2 Parameters of Tsai-Wu yield surfaces for different temperatures 208 
Temperature 
(°C) 
Strain rate  
(10-3 s-1) 
a0 a1 a2 
-1 4.33 22.794 2.051 -0.02279 
-6 3.75 to 5.57 31.736 2.856 -0.03174 
-11 4.4 39.366 3.542 -0.03937 
-16 3.75 to 5.57 65.921 5.932 -0.06592 
 209 
Figure 3 Elliptical yield surfaces with different temperatures 210 
 211 
The temperature of ice in an iceberg typically decreases with increasing depth of the iceberg. 212 
From the field test results [7][8] (some of the results are shown in Figure 1), the temperature 213 
profile is linear or exponential between depths of 0 and 2 m, which is the penetration range of 214 
ship-iceberg collisions. Therefore, the temperature profiles applied in ship-iceberg collisions are 215 
assumed to be linear curves and exponential curves, respectively, as illustrated in Figure 4. If 216 
using the field data, interpolation between two data points has been done when the depth of ice 217 
element locates between these two points. The implementation of interpretation in FE model is 218 
tedious. Also it is not accurate and the obtained distribution of temperature is discontinuous. In 219 
order to get accurate and continuous value of temperature of each ice element and to 220 
conveniently calculate temperature value, the assumed temperature profiles are used. The 221 
maximum depth is 1.3 m in this figure, slightly shallow compared with 2 m. This small maximum 222 
depth is because the penetration depth in our iceberg model is approximately 1.3 m. To reflect 223 
the entire temperature profile, the maximum depth is set at 1.3 m. A-exponential curve is 224 
moderately steeper than the field test results because some rare temperature gradients in 225 
icebergs were reported, such as [10]. B-exponential and linear types are coincident with most of 226 
the field test results. 227 
 228 
Figure 4 Assumed temperature profiles of icebergs and equations of these curves 229 
 230 
  The implementation of temperature effects in the FE model is illustrated in Figure 5. In the 231 
simulation program, the distances between each ice element and the surface of the iceberg are 232 
calculated before the collision calculation. Based on the distance, the precise temperature of 233 
each element is obtained from the temperature profiles (shown in Figure 4). Then, based on 234 
linear interpolation of values in Table 2, accurate yield surfaces, which will be applied in the 235 
following impact calculations, can be obtained for each ice element. 236 
 237 
Figure 5 Flowchart of the implementation of temperature effects in the FE model 238 
 239 
3.3 Failure criterion applied in the ice material model 240 
The empirical failure criterion proposed by Gao Y. et al. [17] and Liu Z. et al. [12] is adopted in 241 
this paper. The failure criterion is based on the effective plastic strain and hydrostatic pressure: 242 
𝜀𝑒𝑞
𝑝 = √
2
3
𝜀𝑖𝑗
𝑝 : 𝜀𝑖𝑗
𝑝
 243 
𝜀𝑓 = 𝜀0 + (
𝑝
108
− 0.6)2                                               (3) 244 
𝑝 < 𝑝𝑐𝑢𝑡−𝑜𝑓𝑓 245 
If the pressure is smaller than the cut-off pressure, 𝑝𝑐𝑢𝑡−𝑜𝑓𝑓, or the effective plastic strain is 246 
larger than the failure strain, 𝜀𝑓, the ice element fails and is deleted from the calculation to 247 
simulate erosion.  248 
 249 
Figure 6 Energy curves from the simulation of iceberg-rigid wall collision 250 
 251 
Energy curves directly from iceberg-rigid wall collision simulation results are illustrated in 252 
Figure 6 to show energy balance during eroding process. Total energy and external work are 253 
almost the same means energy ratio (Energy ratio=total internal/(initial internal energy+external 254 
work). Initial internal in this model is zero) is around 1. This fits well with energy balance 255 
requirement (energy ratio=1). Hourglass energy is much less than 10% of total internal energy 256 
means hourglass deformation is under good control. Total internal energy equals to the sum of 257 
eroded internal energy and existed internal energy. This shows that energy is balance in eroding 258 
process. Erosion of elements violates the global mass equilibrium. Nevertheless, when the ice 259 
element is going to be deleted, its apparent stiffness is decreasing significantly which means it 260 
can not sustain any load. Therefore, erosion of elements has minor effect on the simulation of 261 
mechanical process. The erosion of elements is capable of describing some ductile failures of ice, 262 
such as pressure melting. Also, it is considered as be capable of describing the small extrusions 263 
during interaction process. In case of brittle crushing, erosion can not capture the fracture and 264 
brittle flaking ice. The method from fracture mechanics, for example, cohesive element can be 265 
applied in describing this phenomenon. Though there are some shortcomings of erosion method, 266 
up to now, erosion is a common way to simulate failure in ice especially when we focus on the 267 
simulation of mechanical process. In the simulation of ship-iceberg collisions, once the element is 268 
deleted, the neighbouring element behind the eroded element will partially unload over a short 269 
penetration length (one element length). When the ‘neighbouring element’ impacts the ship, it 270 
will be reloaded. This cyclic load behaviour is not described in the current ice model because no 271 
cyclic loading experiments have been conducted on icebergs. Ahmed A. Derradji [18] proposed 272 
an elastic-plastic constitutive model for freshwater, columnar-grained S-2 ice that considers the 273 
cyclic loading condition. 274 
  In summary, a temperature-dependent isotropic, elastic-plastic ice model is formulated. The 275 
influence of temperature is reflected by different sizes of ‘Tsai-Wu’ yield surfaces. A cut-off 276 
pressure and effective strain failure criteria are applied in tensile and compressive stress states, 277 
respectively. The implementation of temperature effects is illustrated in Figure 5. The elastic 278 
response of the ice element is calculated with Hooke’s law, and the cutting plane algorithm is 279 
used to calculate the plastic consistency parameter and stress tensor in the plastic state. For 280 
more details of the implementation of the elastic-plastic calculation in the FE model, the reader is 281 
referred to Gao Y. et al. [17]. This material model is incorporated into the commercial software 282 
LS-DYNA by a user-defined subroutine. 283 
4. Finite element simulations 284 
Loads from iceberg collisions belong to an Abnormal Level Ice Event (ALIE), which corresponds 285 
to the accidental limit state in modern codes for offshore structures [12]. The contact 286 
area-contact pressure relationship proposed by Masterson et al. [19] is recommended by the ISO 287 
code, ISO/CD 19906(2010) [30], for the ice loads in an ALIE. As ice failure process in ice-structure 288 
interaction is complex (for example, number and locations of high pressure zones keep changing, 289 
stochastic micro- and macro-fractures appear and propagate), measured are-pressure data are 290 
relatively extensive. The global pressure design curve in ISO 19906(2010) is in fact an regression 291 
line fitted to the average plus 3 times standard deviation  and covers most of measured data. 292 
The probability of ice load can not be reflected in this model and the focus here is the simulation 293 
of design area-pressure curve. 294 
In the first part of this section, the ice model is calibrated by comparison between simulated 295 
area-pressure curves and design curves, including the ISO curve. Because the local shape of an 296 
iceberg significantly influences ship-iceberg collisions, the temperature effects on different 297 
iceberg geometries are analysed in the second part. 298 
4.1 Sphere-shaped Iceberg collisions with a rigid steel plate 299 
  As recommended by Mckenna [29], a sphere can represent the mean iceberg model shape. 300 
Therefore, a spherical iceberg-rigid plate collision is simulated in this section. The area-pressure 301 
curves are compared with design curves to analyse temperature effects. The sphere-shaped 302 
iceberg with a radius of 1 m is fixed through the opposite part of the collision side, shown as 303 
white points in Figure 7. The mesh size of the iceberg is determined based on the convergence 304 
analysis conducted of Gao Y. et al. [17] and is set at 50 mm × 50 mm × 50 mm. The details of the 305 
iceberg material are shown in Table 3, which are the same as those in reference [17]. The 306 
AUTOMATIC_SURFACE_TO_SURFACE contact algorithm is applied for the iceberg-ship collision, 307 
and ‘soft option 2’ is used to obtain more accurate results. Considering the erosion of icebergs, 308 
ERODING_SINGEL_SURFACE is applied to simulate contact between the new ice surfaces 309 
generated from erosion, and ‘soft option 1’ is used in this contact algorithm. The static and 310 
dynamic friction coefficients are both set to 0.15. The collision phenomena (e.g., high-pressure 311 
and low-pressure zones) and sensitivity analysis of the material parameters were studied by Gao 312 
Y. et al. [17]; here, we focus on the temperature effects. Three temperature profiles, shown in 313 
Figure 4, are applied to study the influence of different temperature profiles. Because the 314 
temperature range of an iceberg may change with seasons and locations, it is useful to study the 315 
influence of the temperature range on the area-pressure curve. The temperature ranges adopted 316 
here are -1~-16 °C (means from -1 to -16 °C), -8~-16 °C and a constant -1 °C. 317 
318 
 Figure 7 Illustration of a spherical iceberg-rigid steel plate collision. White points are fixed, and a 319 
constant velocity of 1 m/s in the z-axis is applied to the rigid steel plate. 320 
 321 
Table 3 Iceberg material details in reference [17] 322 
Element type Solid Density (kg/m3) 900 
Number of element nodes 8 Poisson’s ratio 0.3 
Number of element integration point 1 Young’s modulus (MPa) 9500 
Element length (mm) 50 Cut-off pressure; tension strength (MPa) 2 
Strain rate >10-3 Strain hardening function None 
Limit of the elastic strain 10-3 Limit of elastic stress 9.5 
 323 
Figure 8 Comparison of the contact area-contact pressure relationships between the simulation 324 
and design codes 325 
 326 
Figure 9 Details of the contact area-contact pressure relationship (logarithmic expression) within 327 
a small contact area 328 
 329 
  Figure 8 compares pressure-area relationships between the simulation results and design 330 
curves. The simulated area-pressure exhibits fluctuations, particularly at the beginning of contact. 331 
This may be because the mesh size (50 mm) of the iceberg is relatively large when the analysis 332 
pressure is in a small contact area. The deletion of one element may cause a large fluctuation in 333 
contact force. When the contact areas are large, the pressures stabilize. For a contact area larger 334 
than 1.5 m2, the design curves achieve consensus, and the simulated curves fit well with all of the 335 
design curves except for that proposed by Timco [20], which is considerably lower than the 336 
others. In a small contact area (smaller than 0.75 m2), significant differences exist among the 337 
different design curves. The average line of the simulated area-pressure curves corresponds well 338 
with the Molikpaq design curve [20]. In an extremely small contact area (smaller than 0.1 m2), 339 
the simulated results increase rapidly. The maximum pressure is considerably higher than that of 340 
the Molikpaq design curve and is close to the API/CSA [21] and ISO [19] curves. The typical 341 
character of the area-pressure curve, rapid pressure increase as the contact area become smaller, 342 
is observed in the simulated results, and the simulated curves are located in a reasonable range 343 
compared with the different design curves. All of the simulated area-pressure curves with 344 
different temperatures exhibit the same trend, which means that temperature only affects the 345 
size of the pressure-area curve. According to Figure 8, temperature mainly affects the 346 
high-pressure zone, which determines the maximum local pressures sustained by the ship and is 347 
significant in the design process. 348 
To study the temperature effects in detail, the high-pressure zones of the area-pressure curves 349 
are illustrated in logarithmic form in Figure 9. First, in same temperature range of -1~-16 °C, the 350 
results from different temperature profiles are compared. The curve for exponential-b is slightly 351 
larger than that of the linear type, and the exponential-a type is considerably larger than both of 352 
the former curves in the majority of the contact area. This trend occurs because the 353 
exponential-a profile is steeper than the other two profiles, indicating that the iceberg has many 354 
more low-temperature elements around its surface. Ice at low temperatures has a ‘larger’ yield 355 
surface (see Figure 3) and requires a higher deviatoric stress to be damaged than ice at high 356 
temperatures. Therefore, low-temperature ice leads to a high contact force. This detail is 357 
discussed in section 4.2. The exponential-b profile is moderate and similar to the linear type, 358 
especially for the portion at low temperatures, which is why these two results are similar. Second, 359 
three temperature ranges with the same linear profile, -1, -1~-16 and -8~-16 °C, are adopted. The 360 
-8~-16 °C curve is larger than the other two curves, and the -1~-16 °C curve is slightly larger than 361 
the -1 °C curve. This is coincident with the fact that low-temperature elements lead to a high 362 
contact force. The linear type at a temperature range of -8~-16 °C is similar to the exponential-a 363 
type at a temperature range of -1~-16 °C because both the temperature profile and temperature 364 
range directly affect the distribution of ice at low temperatures around the surface of the iceberg. 365 
Therefore, at some time, they have the same effects on the contact force. From Figure 9, the 366 
order of the curve sizes does not remain constant at all times, particularly for the linear curve at 367 
-1 °C. 368 
The high-pressure zone of the area-pressure curve is important because it significantly 369 
influences the local design process. Therefore, based on the analysis of simulated area-pressure 370 
curves, the temperature profile and temperature range should be considered in the design 371 
process, especially for local structure design. In fact, temperature can also influence the global 372 
response of the ship in ship-iceberg collisions, which will be discussed in section 4.2. 373 
 374 
4.2 Combined effects of the geometric shape and temperature-gradient-dependent material of 375 
ice 376 
  The local shape of icebergs can affect their behaviour in ship-iceberg collisions. Using the FEM, 377 
Storheim et al. [22] and Gao Y. et al. [23] analysed the sensitivity of iceberg shape in ship-iceberg 378 
interactions with different material models of icebergs. They found that blunt-shaped icebergs 379 
act rigidly and that sharp-shaped icebergs crush easily. Iceberg material models have a greater 380 
influence on sharp icebergs than on blunt ones. Frederking and Timco [24] conducted laboratory 381 
impact tests with large-scale ice floes that had different local shapes. They found that the 382 
maximum load was a function of the shape of the impact interface. 383 
  A combination of the geometric shape and temperature-gradient-dependent material 384 
properties of ice is assessed. Four different types of icebergs, prism, cone, sphere and tube, are 385 
applied in the simulation of an iceberg-rigid plate collision. The ice material is the same as that in 386 
section 4.1. The geometry and mesh of the icebergs are illustrated in Figure 10. The typical mesh 387 
size is 50 mm × 50 mm × 50 mm. Because the time step of the computation depends on the 388 
smallest element size, the central part of the cone, which has smaller elements than the outer 389 
part and does not collide with the rigid plate, is ignored to acquire a larger time step. To supply 390 
an even force distribution on the iceberg and avoid local ice element deletion near the load 391 
application region, a layer of rigid elements is attached to the back of the iceberg. A constant 392 
velocity of 2 m/s is applied on the rigid layer. The iceberg temperature gradients from the surface 393 
to the inside are assumed as follows: -1~-16 °C, -8~-16 °C and constant -1 °C. The temperature 394 
profiles are assumed to be linear and exponential-a. The computational time is sufficiently long 395 
to reflect the temperature gradient. 396 
a   b   397 
c   d  398 
Figure 10 a) Cube length=3 m; b) cone height=1.75 m, top radius=3.3 m, down radius=2.3m; c) 399 
prism height length=3 m; d) sphere radius=2 m 400 
 401 
Figure 11 Force-penetration relationships of conical, spherical and prismatic icebergs. 402 
 403 
Figure 12 Force-penetration relationships of a cubic iceberg at different temperature ranges. 404 
 405 
  The influence of temperature on the global contact force is analysed for spherical, cubic and 406 
conical icebergs. Figure 11 and 12 show the contact force of different iceberg shapes with 407 
different temperature ranges and temperature profiles. As penetration increases, the amount of 408 
contact elements increase, which leads to a larger contact force. The temperature gradient is 409 
reflected, and more ice elements with low temperatures contact the rigid plate. Therefore, the 410 
differences between the different temperature ranges become larger. The maximum contact 411 
force decreases as the temperature range increases. The temperature profile has the same effect 412 
on the contact force. From the comparison between the linear and exponential temperature 413 
profiles of a conic iceberg, a sharper temperature profile yields a larger contact force. From 414 
Figures 10 and 11, a sharp shape leads to a lower contact force than does a blunt shape. This 415 
corresponds with the simulation results of references [19] and [20] and the trends of the 416 
experimental results from [24]. 417 
The detailed reasoning behind low temperatures leading to a high contact force in the 418 
simulation is discussed here. At low temperatures, a ‘large’ size of the yield surface is adopted; 419 
therefore, at the same hydrostatic pressure (p), the yield of the ice element requires a high 420 
second invariant of the deviatoric stress tensor (J2). J2 has a linear relationship (𝜎𝑣 = √3𝐽2) with 421 
the von Mises stress, which is used to measure the strength of the material under multiaxial 422 
loading conditions. This means that the ice is stiff at high J2 and requires a high amount of force 423 
to fail. Therefore, high J2 leads to a higher contact force when the ice element has failed. For 424 
instance, in conic iceberg collision, Figure 13 shows the J2 at an exponential temperature profile 425 
of -1~-16 °C and at a constant temperature of -1 °C, respectively. In this figure, the amount of 426 
elements with higher J2 at an exponential profile is considerably larger than that at a constant 427 
temperature. Therefore, the contact force of the exponential profile is high. 428 
 429 
Figure 13 J2 at a constant temperature gradient of -1 °C (left); J2 at an exponential temperature 430 
gradient of -1~-16 °C (right) 431 
 432 
The significance of temperature effects on the contact force follows different trends for 433 
different iceberg shapes. Figures 10 and 11 illustrate that temperature has the most significant 434 
effect on cubic icebergs and has a moderate effect on spherical and conic icebergs. For prismatic 435 
icebergs, there is only a slight difference between the different temperatures, possibly because 436 
the stress concentration is severe in prism-shaped icebergs. Only a small contact force yields high 437 
stress in ice elements. At a temperature range of -1~-16 °C, a small contact force is sufficient to 438 
make the ice element yield; therefore, there is nearly no difference between the different 439 
temperatures cases. Furthermore, the confinement of elements is also weak in prism-shaped 440 
icebergs. Hydrostatic pressure (p), which can reflect the confinement condition of elements, is 441 
shown in Figure 14. At the moment shown in the figure, the contact areas of the prism, cone and 442 
sphere are the same (3.2 m2). The contact area of the cube remains constant in the collision 443 
process, and it is larger than that of the other three shapes. Based on the ‘Tsai-Wu’ yield surface 444 
at a pressure range of 0 to 45 MPa, the difference in J2 between different temperatures increases 445 
with the growth of hydrostatic pressure. Therefore, the influence of temperature is more 446 
significant with heavier confinement. The percentage of the area with high confinement 447 
elements is treated as the criterion of the confinement station. From Figure 14, the confinement 448 
of elements in a cubic iceberg is the strongest, and the prismatic iceberg has the weakness 449 
confinement. This may be another reason for the lack of influence of temperature in the 450 
prismatic iceberg in collision with a rigid plate. Several separate high confinement areas and low 451 
confinement areas can be observed in the icebergs in Figure 14. Though this does not look like 452 
pressure distributions from real ice, it reflects, to some extent, the characteristic of separated 453 
high-pressure and low-pressure zones and the characteristic of birth and death cycle of high 454 
pressure zones [25]. 455 
 456 
a 
b 
 457 
Figure 14 Hydrostatic pressure of different iceberg shapes. At this moment, the contact areas are 458 
the same except for the cube shape. a-cube; b-prism; c-sphere; d-cone 459 
 460 
5. Conclusions 461 
Under accidental limited state design conditions, a temperature-gradient-dependent, 462 
elastic-perfect plastic ice model is proposed for the simulation of ship-iceberg collisions. 463 
Temperature effects are calibrated using several design and experimental area-pressure curves, 464 
including the ISO rule. Based on the analysis and comparison of existing triaxial experiments on 465 
granular sea ice, the results of Gagnon and Gammon [2] are adopted for the ‘Tsai-Wu’-type yield 466 
surfaces in this ice model. The influence of temperature on the ice model is reflected by a series 467 
of yield surfaces, which are fitted from experimental results at different temperatures. Linear 468 
interpolation is adopted to obtain yield surfaces between the test temperatures. Based on field 469 
test data, three iceberg temperature profiles are assumed. The cut-off pressure and effective 470 
plastic strain based on Gao Y. et al. [17] and Liu Z. et al. [12] are applied as failure criteria for the 471 
tensile stress state and compressive stress state, respectively. The advantages and shortcomings 472 
of the yield surface applied in this model are discussed. The n-type yield function for granular sea 473 
ice is proven to be equivalent to the ‘Tsai-Wu’-type yield surface by formula derivation and 474 
comparison of experimental results. 475 
Based on the simulation of a spherical iceberg-rigid plate collision, the influence of the 476 
c d 
temperature range (-1 °C, -1 to -16 °C and -8 to -16 °C) and temperature profiles (exponential-a, 477 
exponential-b and linear) of spherical ice on the local contact pressure are analysed. Using four 478 
types of icebergs—cube, cone, sphere and prism—a combination of geometrical-shape- and 479 
temperature-gradient-dependent material properties of ice is studied. The analysis focuses on 480 
the global contact force generated by different types of icebergs. Reasons for the different 481 
influence of temperature on different iceberg shapes are proposed. The most important results 482 
are as follows: 483 
(1) A temperature-gradient-dependent, elastic-perfect plastic ice material model is proposed 484 
for the numerical study of the influence of temperature-gradient on contact force in 485 
ship-iceberg collisions in the accidental limited state design condition. Temperature effects 486 
are reflected by a series of ‘Tsai-Wu’ yield surfaces. The model is calibrated by comparison 487 
between simulated area-pressure curves and design lows. 488 
(2) The n-type yield function for isotropic granular sea ice is proven to be equivalent to the 489 
‘Tsai-Wu’ yield surface of sea ice. 490 
(3) The high hydrostatic pressure part of the ‘Tsai-Wu’ yield surface should be lower than the 491 
low-pressure part, instead of being symmetrical with it, due to the pressure melting of ice. 492 
(4) In the simulation of iceberg-rigid plate collisions, a low-temperature range and sharp 493 
temperature profile leads to high contact pressure in local contact conditions and high 494 
contact force in global contact conditions. Temperature has a greater effect on highly 495 
confined iceberg shapes (e.g., cubic iceberg) than on less confined iceberg shapes (e.g., 496 
prismatic iceberg). 497 
  The collision between an iceberg and rigid plate belongs to the strength design in accidental 498 
limited state format. The influence of temperature on local contact pressure and global contact 499 
force can benefit this design process. In the future, the ice model can also be applied in the 500 
simulation of contact force in ship structure-iceberg collisions, which belong to the shared-energy 501 
design. Relatively random distribution of ice load is one of the main characters in iceberg 502 
structure interaction. The current model can not reflect probability of ice load mainly due to the 503 
absence of description of stochastic fracture behavior. In the future, crack simulation method, for 504 
example cohesive elements, can be incorporated with this model to capture probability of ice 505 
load. 506 
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 589 
APPENDIX I 590 
Ralston [5][6] proposed an n-type yield function to describe granular sea ice, as shown in 591 
formula (1) 592 
f(𝜎𝑖 , 𝜏𝑖𝑗) = 𝑎1(𝜎𝑥
2 + 𝜎𝑦
2) + 𝑎2(𝜎𝑥 − 𝜎𝑦)
2
+ 𝑎3(𝜎𝑥 + 𝜎𝑦) − 1 = 0    (1) 593 
  It can be rewritten as  594 
f(𝜎𝑖 , 𝜏𝑖𝑗) = 𝑎1 ((𝜎𝑥 + 𝜎𝑦)
2
− 2𝜎𝑥𝜎𝑦) + 𝑎2 ((𝜎𝑥 + 𝜎𝑦)
2
− 4𝜎𝑥𝜎𝑦) + 𝑎3(𝜎𝑥 + 𝜎𝑦) − 1 595 
= (𝑎1 + 𝑎2)(𝜎𝑥 + 𝜎𝑦)
2
+ 𝑎3(𝜎𝑥 + 𝜎𝑦) − (2𝑎1 + 4𝑎2)𝜎𝑥𝜎𝑦 − 1 596 
= (𝑎1 + 𝑎2)𝐴
2 + 𝑎3𝐴 − (2𝑎1 + 4𝑎2)𝐵 − 1 = 0                 (2) 597 
where 𝐴 = 𝜎𝑥 + 𝜎𝑦 and 𝐵 = 𝜎𝑥𝜎𝑦. 598 
Formula (3) is the ‘Tsai-Wu’ yield surface function. 599 
f = 𝐽2 − (𝑏0 + 𝑏1𝑝 + 𝑏2𝑝
2) = 0                              (3) 600 
where 𝐽2 is the deviatoric stress tensor and 𝑝 is the hydrostatic pressure. Their expression is 601 
shown in Equations (4) and (5), respectively. 602 
𝐽2 =
1
6
[(𝜎𝑥 − 𝜎𝑦)
2
+ (𝜎𝑥 − 𝜎𝑧)
2 + (𝜎𝑦 − 𝜎𝑧)
2
]              (4) 603 
𝑝 =
𝜎𝑥+𝜎𝑦+𝜎𝑧
3
                                          (5)                                  604 
  For the x-y plane condition, 𝜎𝑧 = 0. Then, Equations (4) and (5) can be rewritten as (6) and (7), 605 
respectively. 606 
𝐽2 =
1
6
[(𝜎𝑥 − 𝜎𝑦)
2
+ (𝜎𝑥)
2 + (𝜎𝑦)
2
] =
1
6
[2(𝜎𝑥 + 𝜎𝑦)
2
− 6𝜎𝑥𝜎𝑦] =
1
3
𝐴2 − 𝐵  (6) 607 
𝑝 =
𝜎𝑥+𝜎𝑦
3
=
𝐴
3
      (7) 608 
  From (6) and (7), we can obtain 𝐴 = 3𝑝 and B = 3𝑝2 − 𝐽2. Substituting these two formulas 609 
into (2), we can obtain 610 
f(𝜎𝑖𝑗) = 𝐽2 + (
3𝑎1−3𝑎2
2𝑎1+4𝑎2
) 𝑝2 +
3𝑎3
2𝑎1+4𝑎2
𝑝 −
1
2𝑎1+4𝑎2
                          (8) 611 
 Equation (8) can be equivalently transferred to Equation (3). Therefore, the n-type yield function 612 
and ‘Tsai-Wu’ yield function are actually the same for granular sea ice. 613 
 614 
